The rapid development of organic solar cells (OSCs) based on non-fullerene acceptors has attracted increasing attention during the past few years, with a record power conversion efficiency of over 13% in a binary bulk heterojunction architecture. This exciting development also enables new possibilities for ternary OSCs to further enhance their efficiency and stability. This review summarizes very recent developments of ternary OSCs, with a focus on blends involving non-fullerene acceptors. We also highlight the challenges and perspectives for further development of ternary blend organic solar cells.
Introduction
Organic solar cells (OSCs) are emerging as a promising candidate for delivering high efficiency at low manufacturing cost. A range of advantages, such as their non-toxicity and lightweight physical characteristics and the lucrative possibility of integration into flexible, semi-transparent, and colourful modules, enables various applications that may not be achievable in other thin film photovoltaic technologies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] High performance OSCs are commonly fabricated with a bulk heterojunction (BHJ) structure, where one-donor and one-acceptor materials are blended to form a bi-continuous interpenetrating network with large interfacial area for exciton splitting. [17] [18] [19] [20] [21] [22] [23] [24] Since organic semiconductors generally show low charge carrier mobility, the active layer usually has to be very thin (B100 nm) to ensure efficient charge collection. Such a thin film leads to limited light absorption and hence limited photocurrent. To address this issue, various strategies have been explored. For example, tandem cells which consist of multiple sub-cells with complementary absorption have been introduced, but the fabrication cost also significantly increases due to the complexity of preparing these devices. [25] [26] [27] Alternatively, ternary blend OSCs featuring multiple lightharvesting materials in one active layer have emerged as one of the most promising strategies to improve photovoltaic performance. 28 
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Ternary blends possess the advantages of improving the photon harvesting ability as in tandem cells, while maintaining the straightforward fabrication that is utilized in single-junction devices. These advantages raise increasing interest in developing ternary solar cells with various compositions. [35] [36] [37] [38] [39] A typical ternary blend solar cell contains one additional electron donor or acceptor compared with its binary counterpart, and the third component is commonly selected to complement or extend the absorption scope of its binary host. Rationally selecting the third component and tuning the blend composition allow enhancing the light harvesting ability of the active layer and thus increasing the overall short circuit current density (J SC ). In addition, the third component might also be able to improve the charge transport, film morphology (polymer crystallinity, crystal orientation, domain size and purity), and exciton dissociation, leading to an enhancement of the fill factor (FF) and open-circuit voltage (V OC ). [28] [29] [30] [31] [32] [33] [34] [35] In fullerene-based ternary OSCs, incomplete light absorption is still a critical issue, considering that fullerene derivatives show very weak absorption in the abundant region of the solar spectrum. Very recently, non-fullerene acceptors (NFAs), which have already exhibited better photovoltaic performance than fullerene derivatives, have been developing rapidly. [40] [41] [42] For example, a high power conversion efficiency (PCE) of over 13% was reported very recently for fullerene-free binary blend OSCs. 43 With the rapid progress of high performance NFAs, their applications in ternary OSCs have been attracting more and more attention. 44 It is notable that a NFA based ternary OSC with a high efficiency of up to 14% has recently been demonstrated. 45 Herein, we summarize recent developments of ternary OSCs based on NFAs. A brief introduction about the fundamental working mechanisms of ternary OSCs is presented, followed by discussions on the advantages of NFAs in ternary OSCs. Based on different material combinations, ternary OSC systems can be mainly classified into D-2A (one donor and two acceptors) and 2D-A (two donors and one acceptor) systems, which are discussed respectively. We emphasize the critical roles of NFAs in ternary blends, such as improving light absorption, tuning the morphology of the active layer, decreasing voltage loss, and improving device stability. Finally, we provide perspectives for future developments in this exciting research area.
Fundamental operating mechanisms and morphology models for ternary OSCs
In general, there are two operating mechanisms for the third component in ternary blends, i.e. charge transfer mechanism and energy transfer mechanism ( Fig. 1 ). 46 The charge transfer mechanism is characterized by providing additional charge transport pathways for exciton dissociation and transport by adding the third component. One typical strategy based on this mechanism is to construct a cascade-like energy level alignment, as illustrated in Fig. 1a , where acceptor 1 serves as a bridge to transfer holes to the donor and deliver electrons to acceptor 2.
In addition, the energy transfer mechanism in ternary OSCs is an effective way to improve the light harvesting ability. In most of the energy transfer involved ternary OSC systems, a nonradiative fluorescence resonance energy transfer (Förster energy transfer, FRET) occurs among all three components or two of them. It requires overlapping between the photoluminescence (PL) of the energy donor and the absorption band of the energy acceptor. Fig. 1b exhibits an energy transfer process occurring between two non-fullerene acceptors. In fact, both charge transfer and energy transfer operating mechanisms can be intertwined in one ternary blend system.
It is proposed that the operating mechanism of the third component in a specific sample is strongly dependent on the morphology variation after the additional component loading. It has been revealed that the third compound can mix with one of the host materials or form its own phase. 47 In order to explain the difference, parallel-linkage and alloy models are proposed. 48 The morphological feature and charge transfer mechanism are depicted with the parallel-like model in Fig. 2a . Owing to the formation of independent donor/acceptor networks, there is no charge transfer or energy transfer between the two electron acceptors. Efficient charge transfer pathways form at either the donor/acceptor 1 or donor/acceptor 2 interface. This means that these ternary solar cells work like two individual sub-cells. In contrast, the alloy model requires an intimate mixing of two materials, forming the same frontier orbital energy levels, which are determined by the blend composition. As shown in Fig. 2b , the acceptor alloy works as a single material to extract electrons and deliver holes. In addition, due to good compatibility between the two materials, energy transfer also possibly occurs in the acceptor alloy if there is good spectral overlapping.
Advantages and functions of NFAs in ternary blend systems

Tunable absorption
The basic concept of ternary OSCs involves using an additional component to extend or increase the light absorption of Fig. 1 The illustrations of the operating mechanisms of ternary OSCs with two different non-fullerene acceptors. (a) The charge transfer mechanism, where there is a cascade charge transfer alignment. (b) The energy transfer mechanism, where energy transfer occurs between two non-fullerene acceptors. The arrows indicate the charge transfer pathways. The lightning bolt in (b) illustrates an energy transfer process from one electron acceptor (energy donor) to the other (energy acceptor).
the active layer. Therefore, a straightforward design rule is to introduce a third compound whose absorption complements its binary host. P-type conjugated polymers and small molecules, as well as dye materials, have all been introduced into ternary OSCs. [28] [29] [30] [31] [32] [33] [34] Considering the poor light harvesting ability of fullerene derivatives in the visible region, they are not favorable materials as the third component from the perspective of improving light absorption.
Introducing NFAs into ternary OSCs allows improving optical absorptivity due to their versatile chemical structures. Recently developed NFAs show much intense and broad absorption bands, which not only cover the whole visible region, but also extend to the NIR region up to 1000 nm, as shown in Fig. 3 . [48] [49] [50] [51] It is clearly advantageous for achieving more efficient solar cells due to the improved utilization of solar photons compared to fullerene derivatives. A blend film with three excellent light absorbers can provide flexible options to achieve complete light absorption across the whole abundant region of solar energy. Very recently, a large J SC value exceeding 25 mA cm À2 was demonstrated in NFA ternary OSCs with a blend of PTB7-Th and J52 (Scheme 3) as the donor materials and a low band gap small molecule, IEICO-4F (Scheme 1), as the electron acceptor. 50 The external quantum efficiency (EQE) response for the ternary device crosses a large wavelength range from 300 nm to 1000 nm, indicating sufficient utilization of solar photons. In addition, the excellent light absorbing properties of NFAs provide a great opportunity to explore D-2A ternary systems, which have already become one of the hottest topics in the OSC research community. A very recent breakthrough demonstrated a high PCE value reaching 14% in a D-2A ternary system. 45 
Small voltage loss and large V OC
The voltage loss (DV) in solar cells is defined as the difference between the band gap of absorbers and the device V OC . The voltage loss in solar cells can be attributed to the three factors as shown in the following equation: 52 qDV = (E g À qV OC ) = (E g À qV OC,SQ ) + (qV OC,SQ À qV OC,rad ) + (qV OC,SQ À qV OC ) = (E g À qV OC,SQ ) + qDV OC,rad + qDV OC,non-rad = qDV 1 + qDV 2 + qDV 3 (1) where q is the elementary charge, E g is the bandgap of the photoactive material, V OC,SQ is the maximum voltage by the Shockley-Queisser limit. The first term of this equation (DV 1 ) is a result of radiative recombination loss above the bandgap of the active layer. This loss is unavoidable and its value is around 0.25-0.30 V. The second type of voltage loss (DV 2 ) is caused by the radiative recombination from the absorption below the bandgap due to sub-gap absorption, such as charge-transfer (CT) states or defect states. [53] [54] [55] [56] [57] [58] The third part (DV 3 ) is assigned to any type of recombination event that is non-radiative, for example trap-assisted recombination. Both DV 2 and DV 3 are detrimental to photovoltaic performance and should be minimised. Fullerene-based OSCs often suffer from large voltage losses. For example, poly(3-hexylthiophene)-2,5-diyl/[6,6]-phenyl-C61butyric acid methyl ester (P3HT/PC 61 BM) based devices show voltage losses around 1.35 V, while for the high performance PTB7 (Scheme 3)/[6,6]-phenyl C71 butyric acid methyl ester (PC 71 BM) system, the value is around 0.87 V. In comparison, inorganic photovoltaic devices, such as c-Si and halide perovskite solar cells, generally exhibit small voltage losses around 0.40-0.55 V. [59] [60] [61] The large voltage loss for OSCs can be attributed to the requirement of a large energy level offset between the donor and acceptor for charge separation, CT states, and strong nonradiative recombination (DV 2 and DV 3 in eqn (1)). The energy level offset is believed to be the driving force for exciton dissociation. The way to reduce the energy level offset is either to downshift the highest occupied molecular orbital (HOMO) level of the donor or to upshift the LUMO level of the acceptor via molecular engineering. There have been several attempts to decrease this energetic difference in fullerene based OSCs. However, most of these attempts resulted in a significant photocurrent decrease and hence efficiency loss. [62] [63] [64] [65] [66] [67] This indicates that there is a J SC -V OC trade-off in fullerene based OSCs.
For fullerene free OSCs, recent reports indicate that efficient and fast charge separation can be still achieved with a small driving force (less than 0.1 eV), for example in the blends of P3TEA and SF-PDI (Scheme 2). 52 As demonstrated by Fourier-transform photocurrent spectroscopy external quantum efficiency (FTPS-EQE) spectra ( Fig. 4a ), the overlap of the absorption onsets for pure P3TEA and P3TEA/SF-PDI (blend A) indicates that there is no sub-gap CT state absorption in blend films. 68 The small energy offset does not lead to any problematic issue in exciton dissociation, as suggested by a fast charge separation with a characteristic half lifetime of 3 ps. In addition, this system also exhibited a high EQE EL value of 0.5 Â 10 À4 , representing a small non-radiative recombination voltage loss of 0.26 V. Its electroluminescence (EL) spectrum is nearly identical to that of the pure polymer device (Fig. 4b) , indicating negligible emission from the CT states. With the combination of a small driving force and reduced non-radiative recombination, the voltage loss in this system was minimized to 0.61 V. Although it is possible that a small driving force could also be efficient in separating excitons in fullerene based solar cells, the very limited successful examples indicate that, at least, it is a very challenging task. For NFAs, their versatile structures and optoelectronic properties provide flexible options to achieve energy level alignment. It is also possible to reduce non-radiative V OC loss through rational molecular design. The utilization of NFAs successfully decreases the V OC loss with respect to fullerene based solar cells. 69 In ternary blend OSCs, the V OC is strongly dependent on their blend composition. The correlation between the V OC and blend composition can be explained using the parallel-like model and alloy model. [70] [71] [72] [73] In most cases, the V OC is assumed to be a value between those obtained by the respective binary cells, and it can be continuously tuned by changing the feed ratio. This provides an opportunity for achieving more efficient solar cells by adding a third compound to increase the V OC with respect to its major binary host, which has been widely demonstrated in fullerene based ternary OSCs. [70] [71] [72] [73] Considering the small voltage loss of NFA based binary OSCs, the applications in ternary OSCs to enhance the V OC are even more promising. In addition, recent work indicates that it is possible to obtain a V OC which is even larger than both binary devices when NFA is utilized as the third component. Wang et al. reported a ternary blend system with PC 71 BM/m-ITIC (Scheme 1) as the acceptor alloy. 74 By introducing a small amount of m-ITIC into the PTB7-Th:PC 71 BM host, the J SC and V OC increased significantly.
Both the V OC and PCE peaked at a blend ratio of 1 : 1.05 : 0.45 (PTB7-Th : PC 71 BM : m-ITIC). The maximum V OC value was up to 0.854 V, which was 36 mV and 47 mV larger than those of the PTB7-Th:PC 71 BM and PTB7-Th:m-ITIC binary counterparts, respectively. The authors attributed the enhanced V OC value to the cascade energy level alignment, which improved the exciton dissociation, and decreased non-radiative recombination. In addition, the morphology investigations indicated that m-ITIC mainly located on the interface between polymer and fullerene domains, which promoted the bridging effect of m-ITIC.
Enhanced stability
Previous experimental results have suggested that fullerene based OSCs commonly exhibit significant efficiency losses of 25-50% after several hours' light exposure. 75 It has been proposed that the thermally induced fullerene aggregation and photo-induced fullerene dimerization are two important reasons for the quick degradation. 76, 77 Therefore, using NFAs with better chemical and morphological stability could be promising for improving the device operation life time. Furthermore, very recent results suggest that some NFA based OSCs also show greater resistance to photo-induced electronic trap state formation than fullerene based cells, leading to significantly enhanced stability upon light irradiation. 78 Although the stability investigations of fullerene free OSCs are still at an early stage, these positive results indicate the prospects for using NFAs to construct more stable OSCs.
Several different material systems, including P3HT:IDTBR:IDFBR (Scheme 2), P3HT:IDTBR, P3HT:IDFBR, P3HT:PC 61 BM, PTB7-Th (PCE10):PC 71 BM and PCE11:PC 71 BM, were investigated. Both the device storage lifetime and photo-stability under ambient conditions were examined, and the results are shown in Fig. 5 . For both the cases, the ternary P3HT : IDTBR : IDFBR (1 : 0.7 : 0.3) OSCs showed the best device stability. In particular, after storing in air and under dark conditions for 1200 h, the optimized P3HT based ternary blend devices retained 80% of their initial PCE values, whereas P3HT:IDTBR binary devices retained 70%. In comparison, all of the fullerene contained devices were no longer operational only after 800 h storage in air. Moreover, for photo-stability tests (un-encapsulated, in air, AM1.5 radiation of 100 mW cm À2 ), the optimized ternary blend devices presented the best photostability as well, retaining 85% of their initial PCE values after 90 h operation. These results demonstrate that the ternary blend approach can improve not only the photovoltaic performance but also the device stability.
Moreover, the other functions of NFAs in ternary OSCs, such as improving the charge separation and transport, providing more flexible energy transfer pathways and options, and improving the film morphology, are also demonstrated in recent research, all of which are discussed with specific examples in the following section.
Recent developments in NFA based ternary solar cells
In this section, we summarize the recent progress in developing ternary blend OSCs based on NFAs. Currently, the most popular molecular system for NFAs is a class of calamitic small molecule, which consists of an electron-donating core and two strong electron-withdrawing end cappers. NFAs based on the 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (IC) electronwithdrawing moiety have been the most efficient material system until now, which have been widely adopted in preparing high performance ternary OSCs. [80] [81] [82] [83] [84] The representative molecular structures for the IC family are shown in Scheme 1. Most of these molecules are low band gap materials with an optical band gap (E opt g ) o 1.6 eV, and hence commonly show intense light absorption in the long wavelength range. The rest of the common NFA materials are listed in Scheme 2. Among them, perylene diimide derivatives and naphthalimide based n-type conjugated polymers (e.g. N2200) have also been well investigated in ternary cells. Most of them are medium or wide band gap materials (with E opt g 4 1.6 eV), showing intense light absorption in the visible and short wavelength ranges. The common donor materials to match with these NFA materials are depicted in Schemes 3 and 4. Fig. 6 depicts different possible combinations of ternary OSCs with NFAs. We divide them into two categories, e.g. D-2A and 2D-A types. can be characterized as an additive for the donor/fullerene host or as the main component. In spite of serious shortcomings, fullerene derivatives also have lots of merits, such as high electron mobility, large electron affinity and isotropic charge transport. It has been demonstrated that introducing a small amount of NFAs into polymer/fullerene blends can help in improving the light absorption, optimizing the morphology and achieving energy level alignment for facilitating charge separation, transport and collection (Table 1) . 77, [85] [86] [87] [88] Some reports suggest that the additional NFA additive in polymer/ fullerene blends can even improve the device stability. 89 Considering the insufficient light harvesting ability of polymer/ fullerene binary blend films, introducing a small amount of NFA into a binary host can improve the overall light harvesting ability. For example, the high performance PTB7-Th/PC 71 BM blend shows relatively weak absorption in the wavelength range around 450-620 nm. Introducing a medium band gap NFA, such as RTCN (Scheme 2), can effectively complement the absorption band, and hence lead to photocurrent enhancement. 86 In addition, for host systems with medium or large band gap polymers, low band gap NFAs (such as ITIC) are favourable for improving the light harvesting ability in the long wavelength range. For instance, adding a small amount of ITIC into PDOT (Scheme 3)/PC 71 BM blends achieved an extended EQE response in the 650-800 nm region, leading to significantly enhanced J SC and PCE values. 87 Similar improvements in J SC and the EQE response were also observed in PDTP4TFBT (Scheme 3)/PC 71 BM and PBTA-BO/ PC 71 BM hosts after low band gap NFA loading. 85, 90, 91 Furthermore, NFA additives can be utilized to tune the morphology and nanostructure of polymer/fullerene blends. It was reported that a minimal amount of TPE-4PDI (Scheme 2) added (3 wt%) into PTB7-Th:PC 71 BM leads to an overall enhancement of photovoltaic parameters. 88 Obviously, such a small amount of NFA loading can hardly improve the light harvesting ability. The morphology measurements indicated the formation of an acceptor alloy and a favourable nano-scaled interpenetrating network, helping in improving charge generation and collection and reducing charge recombination. In addition, 
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PBTA-BO/fullerene binary films commonly show a very rugged surface morphology and large aggregation, resulting in inefficient exciton dissociation and transport. To address this issue, two different types of NFAs, namely IFBR and IffBR (Scheme 2), were introduced to construct ternary solar cells. 90, 91 In both cases, smooth and favourable phase separated films were formed, leading to significantly improved photovoltaic performance. In addition to small molecule acceptors, an n-type conjugated polymer (PNDI2OD-T2, Scheme 2) was introduced into a polymer/ fullerene blend as an additive. 89 A small amount of PNDI2OD-T2 added (0.8 wt%) into PTB7:PC 71 BM or PTB7-Th:PC 71 BM enhanced the photovoltaic performance, which resulted from the improved charge transport and collection. Interestingly, although the macromolecule additive addition did not affect the morphology and molecular packing for pristine films, as suggested by grazing-incidence wide-angle X-ray diffraction (GIWAX) measurements, it did improve the OSC device stability. As shown in Fig. 7 , after 10 min annealing at 120 1C in an inert atmosphere, the optimized ternary blend devices retained over 80% of its initialized PCE value. In comparison, a sharp decrease in PCE (50%) was found in the binary control devices. GIWAX examinations demonstrated that the diffraction intensity for PNDI2OD-T2 based ternary blends hardly changed upon heating, but diffraction in either out-of-plane or in-plane directions decreased a lot in binary blend films, indicating the function of PNDI2OD-T2 in stabilizing the polymer/fullerene film morphology and hence the stability.
Very recently, more and more attention has been paid towards developing ternary systems with NFAs as host materials due to their superior performance to fullerene, providing higher starting points for constructing more efficient cells. Hou et al. 92 reported a high performance ternary OSC based PBDB-T (Scheme 3)/ IT-M (Scheme 1) binary host, which gave a starting point as high as 10.8%. Based on the binary cells with such high efficiency, a more impressive performance can be expected for ternary cells by rational composition engineering. Since both PBDB-T and IT-M show very weak light absorption in the short wavelength range, fullerene derivatives appear to be good candidates to complement their absorption band. A bis-adduct of phenyl-C70-butyric-acid-methyl ester (Bis-PC70BM) was selected as the additive, and a champion device with a PCE reaching 12.20% was achieved at the optimized feed ratio (PBDB-T : IT-M : Bis[70]PCBM = 1 : 1 : 0.2). EQE measurements confirmed an enhancement of the EQE response in the short wavelength region from 380 nm to 480 nm. Interestingly, it also led to an increased response beyond 550 nm, which indicated that the charge generation from the PBDB-T/IT-M interface also improved after Bis-PC70BM loading. With a similar motivation for improving the absorption in the short wavelength region, Ding and co-workers reported a record PCE for ternary OSCs by adding a small amount of PC 71 BM into PTB7-Th:CO i 8DFIC (Scheme 1) blends. 45 The binary host gave a PCE of 10.48% as the starting point. By varying the composition of PC 71 BM, the J SC and FF increased dramatically.
The champion device showed a large J SC of 28.20 mA cm À2 , a V OC of 0.70 V, and an FF of 71.0, giving a high PCE of 14.08% (Fig. 8c ). Fig. 8a and d exhibit UV-Vis-NIR absorption of the active materials and EQE spectra for the binary and ternary solar cells, respectively. Compared with its major binary counterparts, the ternary device showed a stronger EQE response at 310-550 and 864-1050 nm, which originated from PC 71 BM and CO i 8DFIC absorption, respectively. The dramatically enhanced EQE response in the short wavelength region indicates an improvement in charge generation and transport. Further investigation suggested that the PC 71 BM addition balanced charge carrier transport, reduced charge recombination and improved the film morphology.
For high performance polymer/NFA hosts, by judiciously selecting the energy level of the third component, such as designing a cascade energy level alignment, it is possible to further improve charge separation and hence device performance. This strategy was first demonstrated in fullerene involved systems, where PPBDTBT (Scheme 3) was used as the donor and ITIC and PC 71 BM were used as the acceptors. 93 There were additional charge transfer processes that occurred at the PPBDTBT/ITIC and ITIC/ PC 71 BM interfaces due to the existence of an energy level offset. Here ITIC worked as a bridge for extracting electrons from PPBDTBT and delivering charges to PC 71 BM. Within such a cascade charge transfer, a significantly enhanced PCE of up to 10.41% was achieved, which was almost 35% enhancement relative to the binary devices. Another excellent result was achieved in a NFA rich system (PTB7-Th/IEICO) host, in which a minute amount of fullerene (5wt% ICBA or Bis-PC70BM) addition resulted in boosted PCE values due to the introduction of cascade-like charge transfer pathways. 94 Most of the recent morphological investigations on polymer/ fullerene/NFA blends have indicated the formation of an acceptor alloy when the feed ratio of the third component is low. The optimized alloy phase commonly provides a more suitable scaled donor/acceptor interpenetrating network, which effectively improves charge separation and transport and reduces recombination. However, most of the cases have also suggested View Article Online that a strong phase separated film morphology can be observed upon increasing the feed ratio of the third component, which commonly results in an efficiency drop and strong composition dependent performance. 74, 86, 88 We assume that it originates from the distinguished molecular topology and crystalline orientation for fullerene and NFAs. The strong crystallinity and the tendency of aggregations of widely utilized planar NFAs can also be important reasons.
A parallel-like model has also been observed in the polymer/ fullerene/NFA system. It was first demonstrated in a ternary system with blends of PDBT-T1 (Scheme 3), PC 71 BM and ITIC-Th. 95 The photophysical studies suggested that there was no charge transfer or energy transfer between ITIC-Th and PC 71 BM. In particular, the PL intensity of ITIC-Th was independent of the PC 71 BM content in mixed thin films. There was also very little variation in the PL decay of ITIC-Th and ITIC-Th/ PC 71 BM films. This phenomenon can be attributed to the negligible LUMO offset between ITIC-Th and PC 71 BM, as illustrated in Fig. 10a . The parallel-like morphological feature was confirmed by GIWAX and RSoXS studies. As shown in Fig. 9c , when the ITIC-Th content was more than 30%, diffraction peaks for all the components, including PDBT-T1 feature domains (out of plane, q = 0.3 Å À1 ), ITIC-Th domains (out of plane, q = 0.41 Å À1 ), and PC 71 BM domains (out of plane, q = 1.35 Å À1 ), appeared, demonstrating that all the components could form their own domains in the blend films. The reflections in the out of plane direction indicated a face-on orientation for all the phases. For RSoXS measurements (Fig. 9d) , PDBT-T1:PC 71 BM blends showed a shoulder in the scattering at 0.014 Å À1 , corresponding to a length scale of 45 nm for its phase-separated domain. The RSoXS profile showed two shoulders in the scattering at 0.013 Å À1 (48 nm) and 0.003 Å À1 (210 nm), indicating a multi-length scale morphology, for a sample with 50% ITIC-Th content, which happened to be the optimized feed ratio for device performance. The device with 50% ITIC-Th content gave the highest PCE of 10.48%. All these results demonstrated that the two electron acceptors worked independently in the ternary blend films. 4.1.2 Donor/NFA1/NFA2. For high performance polymer/ NFA systems, by further composition engineering through the rational introduction of another NFA, more efficient OSCs can be achieved. Compared to donor/fullerene/NFA blends, a fullerene free system shows much better flexibility for composition modification, and hence provides numerous opportunities to improve the device performance. It has been well demonstrated in the past year, and lots of encouraging results have been presented ( Table 2) .
From the viewpoint of improving the light harvesting ability of the active layer, a very popular material combination strategy in recent reports is to construct ternary blend films with a low band gap IC based NFA and a perylene diimide or naphthalene diimide derivative with a medium band gap. Such mixtures show clear advantages to achieve a broad band absorption. Various kinds of acceptor systems, such as ITIC/EP-PDI, ITIC-Th/TPE-4PDI, ITIC/P(NDI2HD-T), and ITIC-Th/SdiPBI-Se, have been explored. [97] [98] [99] [100] All of these material systems demonstrated an enhancement in the J SC and EQE response.
The versatile chemical structures of NFAs can provide flexible choices to design cascade charge transfer pathways for more efficient charge separation and transport, in addition to the benefits for improving light absorption as mentioned above. It was demonstrated in a recent report using PTB7-Th/IDT-2BR (Scheme 2) as the host system. 101 The host materials show a small energy level offset around 0.1 eV, resulting in a large V OC of up to 1.05 V and a good starting point of 8.2% PCE. PDI-2DTT (Scheme 2), whose energy level was deeper than both of the host materials, was selected as the third component. With only 1 wt% PDI-2DTT addition, both the J SC and FF increased significantly. The third component worked as an energy driver to enhance the driving force for exciton dissociation, and the low feed ratio ensured its negligible effect on reducing V OC . Therefore, it leads to significant photovoltaic performance improvement. It is observed that most of the recently developed high performance NFAs, such as the IC family and perylene diimide derivatives, tend to form large aggregates and result in a strong phase separated film due to their planar molecular topology and strong crystallinity. 48, 102, 103 It leads to a reduced donor/ acceptor interfacial area and strong recombination loss, which significantly limits the further improvement of device performance.
Here we highlight a facile approach to overcome the morphological issues of state-of-the-art fullerene free binary OSCs using two well miscible acceptors together (alloy-like model), which has been well demonstrated by several groups in succession. It was first proposed in a ternary system including both a perylene diimide derivative (SdiPBI-Se, Scheme 2) and an ICfamily material (ITIC-Th, Scheme 1). 100 In this case, PDBT-T1 (Scheme 3) was utilized as the electron donor. The GIWAX studies suggested that SdiPBI-Se and ITIC-Th were miscible, and a new mixing phase with reduced crystallinity formed in ternary blend films. The molecular dynamics simulations confirmed that there was a strong tendency of molecular binding between ITIC-Th and SdiPBI-Se. Transmission electron microscopy (TEM) characterization gave a distinctive morphological picture for morphological variation. As shown in Fig. 10 , both PDBT-T1:SdiPBI-Se ( Fig. 10a and d) and PDBT-T1:ITIC-Th binary blends (Fig. 10c and f) showed large aggregates and strong phase separation. However, in the ternary mixture ( Fig. 10b and e ), the acceptor aggregation was suppressed and a more favorable nano-scaled interpenetrating network was formed. The formation of the new acceptor phase with a suitable domain size facilitated the charge generation and transport. By varying the compositions, the champion cell showed the highest PCE value of 10.3%, significantly outperforming its binary PDBT-T1:ITIC-Th (8.15%) and PDBT-T1:SdiPBI-Se counterparts (6.43%).
The excellent compatibility of two NFAs is critical for the new acceptor phase formation and morphology optimization, which can be simply achieved by selecting NFAs with similar molecular structures. This idea was proposed in two recent ternary systems with ITIC/IDIC and IT-M/IEICO as acceptors. 104, 105 In both cases, the good material compatibility led to the formation of a new acceptor alloy and much more continuous films.
This implied successful inhibition of aggregate formation. Therefore, boosted PCE values were achieved. In addition, in IT-M/IEICO based ternary OSCs, the good overlap between the PL spectrum of IT-M and the absorption band of IEICO resulted in an efficient energy transfer process. This suggests that the fullerene free ternary blend approach provides much more flexible energy transfer channels than fullerene involved systems, and there is no doubt that it is promising for designing more efficient ternary OSCs.
2D-NFA type ternary OSCs
As mentioned above, currently high performance IC moiety based NFAs are a series of low band gap materials, and their light absorption in the short wavelength region is poor. Even for the most efficient NFA based binary OSCs, the utilization of high energy solar photons (400-550 nm) is insufficient. 45, 50, 80, 92 Besides exploring high performance wide band gap polymer donors which can match well with the absorption band of high performance NFAs, investigations on 2D-NFA type ternary OSCs can be a simple method to further improve the light harvesting ability of the active layer. 107, 108 However, there are few research activities towards this research direction compared to D-2A systems (Table 3) . 
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Introducing a FRET process by adding a wide band gap polymer is an effective way to improve solar energy utilization, especially for the light in the short wavelength region. 109, 110 For 2D-NFA ternary OSCs, an interesting report reveals that efficient energy transfer possibly occurs between all three components. PCDTBT has been well investigated in previous ternary OSCs as an energy donor. It was introduced into PTB7-Th:ITIC blends to improve the light harvesting of the active layer. 111 The emission of PCDTBT was found to strongly overlap with the absorption bands of both PTB7-Th and ITIC, as shown in Fig. 11a . This indicated that the possible existence of FRET between both PCDTBT/PTB7-Th and PCDTBT/ITIC. This was further verified by the enhanced steady state PL intensities of PTB7-Th and ITIC in their 20 wt% PCDTBT blended films with respect to their neat films (Fig. 11b) , as well as the significantly decreased PL lifetime. Consequently, in contrast to the control device showing a PCE value of 6.51%, a higher PCE reaching 7.51% was achieved in the ternary counterparts with optimized feed ratios. Moreover, a more efficient 2D-A ternary blend system was constructed with the blends of J51 (Scheme 4)/PTB7-Th/ITIC. 112 In this case, an energy transfer process occurred from J51 to PTB7-Th. Together with other benefits, such as improving the morphology and balancing charge carrier transport, an optimized PCE value of up to 9.70% was achieved.
Developing all-polymer solar cells (APSCs) have recently attracted considerable attention due to their potential advantages, especially for their excellent morphology stability and mechanical durability. [113] [114] [115] Although there have been several reports on high performance APSCs with PCE 4 9%, the value is still much lower than their polymer/fullerene and polymer/ small molecule NFA counterparts. 116, 117 N2200 and its derivatives are the most widely utilized polymer acceptors due to their broad light absorption, good electron affinity and high mobility. However, their morphological problematic features, such as large aggregate formation, strong phase separation, and inhomogeneous internal phase composition, result in strong charge recombination. In addition, insufficient coverage of the solar spectrum is still problematic in binary blend APSCs.
The ternary blend approach appears to be a promising way to improve the efficiency of APSCs. The general advantages of ternary OSCs, such as enhancing the solar energy utilization, reducing the charge transfer barrier through the cascade energy level, and improving the film morphology, are also demonstrated in ternary APSCs. [118] [119] [120] [121] Although there have also been some attempts to prepare D-2A type ternary APSCs, the lack of efficient polymer acceptors currently limits their performance. 122 In addition, some NIR sensitizers have also been incorporated. Unfortunately, the poor performance of host materials resulted in very limited efficiency improvement. 123 A more reasonable and popular strategy in the current stage is to prepare 2D-A type ternary APSCs, and the light absorption enhancement can be simply achieved by incorporating another p-type light absorber. A large band gap polymer, PCDTBT, was first introduced into PTB7-Th/ P(NDI2OD-T2) polymer blends to increase the utilization of solar photons in the short wavelength region through a FRET process. 121, 123 This resulted in a significantly enhanced J SC and hence the PCE value.
A particular challenging issue of state-of-the-art APSCs is the lack of efficient methods to optimize phase separated polymer/ polymer blend films. Li et al. reported the introduction of a highly crystalline polymer donor, PBDD-ff4T (Scheme 4), into PTB7-Th:N2200 blends. 118 PBDD-ff4T tended to fully embed into the PTB7-Th phase to form a donor alloy, which induced the crystallization of PTB7-Th, as depicted in Fig. 12b and c. By varying the content of PBDD-ff4T, an optimized bi-continuous interpenetrating network with suitable domain size and crystallinity was achieved. Together with the benefits of the cascade energy level, as suggested in Fig. 12a , the ternary device champion exhibited a PCE of 7.2%, which was much higher than that of the control device (5.9%). This work demonstrates that the morphology of APSCs can be finely tuned by adding the third polymer component, and it is very promising for future developments of preparing more efficient APSCs.
The progress in exploring more efficient n-type conjugated polymers can provide high starting points for preparing ternary APSCs. A naphthalimide based random co-polymer, named PNDI-T10 (Scheme 2), was designed and synthesized. 119 It features reduced backbone rigidity and crystallinity with respect to the widely utilized N2200. 124 For the ternary blends, a large band gap polymer, namely PBDTTS-FTAZ (Scheme 4), was introduced into PTB7-Th/PNDI-T10 to enhance the light absorption in the short wavelength region, resulting in J SC enhancement and a high PCE value of over 9%.
Summary and perspectives
It is clear that the emergence of high performance NFAs provides flexible options to rationally design and construct high performance ternary blend OSCs. The small voltage loss and excellent light absorbing ability of NFAs provide a high starting point for developing more efficient ternary OSCs. In the past two years, it has become one of the hottest research topics in OSC research fields due to the combination of the most efficient materials and advanced device optimization strategies. Though promising, there are still several challenges to be noted and addressed.
A breakthrough in materials development always triggers a rapid growth of device performance in OSCs. In the past several years, a wide range of NFAs has been developed. However, NFAs with certified efficiencies exceeding 10% in binary OSCs are still limited, especially for polymer acceptors. It is notable that an ITIC like polymer was developed very recently, which achieved a high efficiency of over 9% in all-polymer blend systems. 115 It provides a new idea for developing novel efficient polymer acceptors in addition to the N2200 family, and their future applications in ternary OSCs are also promising. For donor materials, previous investigations mainly focused on developing low band gap polymers due to the poor light absorbing ability of fullerene. In fact, most of the high performance NFAs show strong absorption in the long wavelength region (700-950 nm). Therefore, there is an urgent requirement for developing high performance medium band gap or wide band gap donor materials to match their energy level and complement their absorption band.
Further explorations of material combinations have the potential to achieve better device performance. For example, small molecule donor (SMD) materials commonly offer distinct advantages over their conjugated polymer counterparts, such as well-defined molecular structures, high purity and fewer defects. Promising results have been reported with polymer/ small molecule/fullerene ternary blends. 33 However, research on all small molecule fullerene free ternary blends is rare. The remarkable results achieved in recent reports on developing SMD/small molecule acceptor (SMA) and SMD/SMA/fullerene based OSCs indicate their advantages and prospects. 96, 125 In addition, optimizing the morphologies of all-polymer solar cells is particularly challenging, which has become the key issue limiting the development of all-polymer solar cells. The ternary blend approach appears to be a powerful tool to tune the molecular packing, phase aggregation and domain size, which provides a good opportunity to finely tune the film morphology of all-polymer films. Other advantages, such as improving light harvesting and facilitating exciton dissociation and charge transport, are also attractive.
It has been suggested that NFA based OSCs show better photo-stability, thermal stability and storage stability compared to fullerene derivatives. 78 However, achieving their long-term operational stability is still a big challenge. In addition to improving molecular stability on heat and light illumination through molecular designing, the morphological stability is equally important. Although there have been several successful attempts within the ternary approach towards this direction, 79, 89 future investigations are certainly needed to further enhance the stability and understand the mechanisms.
A power conversion efficiency as high as 15% is commonly regarded as the target for enabling commercial viability. Considering a starting point as high as 13% achieved in fullerene free binary blend OSCs, the combination of high performance nonfullerene acceptors and the ternary blend strategy provides bright prospects for pushing the performance of OSCs to the stage of commercial applications.
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